Increased body fat is a risk factor for cardiovascular and metabolic disease, yet it is uncertain whether obesity protects against osteoporosis or adiposity is harmful to bone.
T
he pervasive negative health consequences of obesity involve many organ systems and a large proportion of the population. However, despite the dire cardiovascular and metabolic repercussions of obesity, the traditional paradigm is that adiposity is not detrimental to bone health, but rather protects against osteoporosis (1) . Low body weight and recent weight loss are well-known risk factors for osteoporosis and fractures, and most studies have revealed a positive relation between body weight or body mass index (BMI) and bone mass (2) (3) (4) . Moreover, women with more body fat are known to have lower rates of bone resorption, an independent predictor of fracture, than leaner women (5) . The contention for a positive fatbone association is credited not only to stresses from mechanical loading, but also to the metabolic effects of boneregulator hormones secreted or regulated by adipocytes (1, 6, 7) . Challenging this widely held view, recent information by us and other investigators suggests that fat mass is not associated with, or is negatively related to, bone mass (8 -12) . Given these discrepancies in results, a greater phenotypic characterization, beyond total fat accumulation, is needed to explain the complex relation between bone and adipose tissue.
A consistent body of literature suggests the pattern of regional fat deposition into the sc and visceral compartments to be a stronger predictor of disease risk than overall fat mass (13) (14) (15) (16) . Secretions from visceral adiposity pass through the liver before entering general circulation, uniquely implicating intraabdominal fat in the pathogenesis of insulin resistance and type 2 diabetes (13) . In contrast, there is evidence that sc fat, unlike visceral adiposity, may serve in a protective role in the prevention of atherosclerosis (17) . However, whether the conflicting data regarding the fat-bone link is related to differences in fat distribution in the previous population studied is unknown. To our knowledge, no studies have investigated the possible independent effects of sc abdominal fat (SAF) and visceral abdominal fat (VAF) on bone health.
The purpose of this study was to determine whether bone structure and/or bone strength in the appendicular skeleton are related to the distribution of adipose tissue. We chose to study young women because the amount of bone gained during young adulthood is the main contributor to peak bone mass, which, in turn, is a major determinant of osteoporosis and fractures in the elderly (17) .
Subjects and Methods

Subjects
The institutional review board for clinical investigations approved the investigational protocol, and informed consent was obtained from all participants and/or their parents. This study included 100 healthy females between the ages of 15 to 25 yr who were recruited from schools and colleges in Los Angeles County. Study subjects had no known diagnosis of any chronic illness, no history of medical disorders resulting in a period of illness that interrupted their usual physical activity or nutritional status for more than 1 month in the 2 yr before enrollment, no intake of any medications including oral contraceptives, and no hospitalization since birth. Subjects who were pregnant or had ever been pregnant were also excluded.
Participants underwent a physical examination by an endocrinologist. Measurements of height and weight were obtained to the nearest 0.1 cm and 0.1 kg, respectively. Only subjects between the 3rd and 97th percentiles for height and weight according to the National Center for Health Statistics were included; reference standards for 20 yr olds were used for all subjects aged 20 yr or older. Trunk height was also measured to the nearest 0.1 cm. Leg length was determined by subtracting trunk height from the total height of each subject. BMI was calculated as weight (kilograms) divided by height (meters) squared. The Tanner stage of sexual development, determined by an endocrinologist, was used to assess sexual maturity; only subjects who had achieved sexual maturity (Tanner V) were included (18) . Skeletal maturation was assessed from radiographs of the left hand and wrist, and only those who had reached skeletal maturity as defined as physeal closure in the phalanges and metacarpals using the method of Greulich and Pyle were included in this study (19) .
Computed tomography (CT) measures of fat, bone, and muscle
Measurements of fat, bone, and muscle phenotypes were obtained by the same technologist using the same CT scanner (CT Highlite Advantage; General Electric Co., Milwaukee, WI), the same mineral reference phantom (CT-T bone densitometry package; General Electric Co.), and a graphical user interface created with Matlab 2006b (Mathworks, Natick, MA).
Determinations of waist circumference, SAF, and VAF were obtained at the umbilicus. For the purposes of this study, SAF was defined as the area in square centimeters of adipose tissue located between the skin and the rectus muscles of the abdomen, the external oblique muscles, the broadest muscle of the back, and the erector muscles of the spine at the level of the umbilicus. VAF was defined as the intraabdominal adipose tissue surrounded by the rectus muscles of the abdomen, the external oblique muscles, the lumbar quadrate muscle, the psoas muscles, and the lumbar spine at the same site. The same researcher did all manual tracing for the VAF measures. Previous studies have established that a single slice CT predicts 87% of total VAF (20) .
Measurements in the appendicular skeleton were made at the midshaft of both femurs. A separate graphical user interface was created with Matlab 2006b to automatically extract endosteal and periosteal contours of the femur and calculate geometric parameters, and the contours of the femur were found via edge detection and were used to calculate cross-sectional area (CSA), cortical bone area (CBA), and polar moment of inertia and maximum and minimum principal moments of inertia. Values for femoral bone phenotypes represent the mean of both femurs.
From the same CT images, measures of thigh musculature were obtained. Thigh musculature was defined as the sum of areas of the rectus femoris, vastus, biceps femoris, semitendinosus, semimembranosus, gracilis, and adductors. Muscle area was determined by separating the image, with bone and air voxels removed, into adipose and muscle tissue. The threshold, which separates adipose from muscle, was found by taking the average of their peaks from an image histogram. All areas were calculated by converting the number of voxels to square centimeters.
The coefficients of variation for CT measures of SAF and VAF, femoral CSA and CBA, and thigh musculature have been reported to be between 0.6 and 3.5% (21) (22) (23) (24) . Intraclass correlations for the polar and minimum and maximum principal moments were calculated using right and left femoral values for the 100 subjects to range between 0.94 and 0.96. The time required for this procedure was approximately 10 min and was localized at the umbilicus and midshaft of the femur (radiation exposure of this limited CT examination was 100 -150 mrem); the effective radiation dose was approximately 4 mrem (25) .
Statistical analysis
Statistical analyses were conducted using Statview (version 5.0.1; SAS Institute Inc., Cary, NC). Power calculations were based on the addition of a variable to an existing regression model with an R 2 of 0.4 to 0.5. A sample size of 100 provides 84 -90% power at the 5% significance level for detecting an increase in the R 2 of 0.05 or greater. Pearson correlations were used to examine associations between variables, and multiple regression analyses were used to determine the influence of SAF and VAF on bone phenotypes. For these analyses, dependent variables were femoral CSA, CBA, principal moment maximum, principal moment minimum, and polar moment, and the independent variables were SAF, VAF, leg length, and thigh musculature.
In building this model, we excluded weight to avoid multicollinearity among covariates, but we included leg length and thigh musculature as covariates in the model to adjust for the confounding effects of femoral length and mechanical stress on the cross-sectional dimensions and strength of the bone. To further exclude any possibility of multicollinearity on the final model, postestimation procedures were used to calculate a condition number for the regression models and to compare the condition number to the suggested cutoff value of 15 (26) . Models with condition numbers less than 15 were judged not to have any substantial collinearity problems that would affect the results of the conclusions. The goodness of fit for the regression models was evaluated using the postestimation procedures of STATA. All models that were presented passed the following goodness of fit criteria: residuals appeared random, and no strong influence or leverage points were present, based on both a graphical and a distribution evaluation. All models were repeated after deleting suspicious points to be sure the coefficients remained similar, indicating that the suspicious points were not affecting the results. In these models, standardized regression coefficients were used to directly compare the effects of independent variables on the dependent variable, regardless of differences in the scale of the variables involved. The standardized coefficients were calculated by performing the linear regression on the standardized independent variables.
Results
Age and anthropometric characteristics, and fat, muscle, and bone measurements are described in Table 1 . Age did not correlate with any anthropometric or CT measures. There were strong correlations between weight, BMI, and waist circumference and all fat, bone and muscle phenotypes-the strongest with SAF (Table 2) . SAF and VAF were also significantly related to each other (r ϭ 0.70; P Ͻ 0.001), and to thigh musculature (r ϭ 0.57 and r ϭ 0.38 respectively; P values Ͻ 0.01). Figure 1 shows the relations between measures of SAF and VAF and femoral cross-sectional dimensions and moments of inertia. Positive associations were present between measures of SAF and all bone phenotypes in the appendicular skeleton. For visceral adiposity, none of the relations achieved statistical significance.
Multiple linear regression analyses indicated that, after adjusting for leg length and thigh musculature, both sc and visceral fat had strong and independent associations with femoral CSA, CBA, principal moment maximum, principal moment minimum, and polar moment. However, whereas SAF had a positive predictive value with all femoral bone phenotypes, a similar but negative effect was observed between VAF and theses measures (Table 3) . Overall, the ratios of the standardized coefficients of sc to visceral fat were around 1.5 in all models. The calculated condition number of 12.85 for the model suggested multicollinearity not to be a concern.
Discussion
Increased fat is a major public health concern and a risk factor for many diseases, but determining whether it is beneficial or detrimental to bone health has been difficult. The results of this study indicate that sc and visceral adiposity have strong but opposing relations with bone structure and strength. Whereas sc fat had a positive relation with the CSA, the CBA, the principal moment maximum, principal moment minimum, and polar moment of the femurs, visceral fat had negative associations with all bone phenotypes. These reciprocal relations of SAF and VAF with the biomechanical properties of the appendic- ular skeleton of young healthy women were present after adjusting for key determinants of bone mass. Ample data indicate that femoral cross-sectional growth is strongly driven by mechanical load associated with increasing weight. Because weight in young women is highly correlated to sc fat, to avoid multicollinearity, we constructed a model that excluded weight but included measures of adiposity, musculature, and height as covariates.
Moreover, by constructing a model with leg length and thigh musculature as independent variables, we accounted for the effects of other important determinants of cross-sectional dimensions and strength of the femurs, allowing the analysis to be concentrated on the fat variables. Overall, using this mechanistic model, the beneficial effect of sc fat on bone structure and strength was slightly stronger than the detrimental effect of visceral fat.
The adverse visceral fat-bone association found in this study lends further support to the growing amount of data indicating that the allocation of adipose tissue in the body is an important predictor of disease risk. Increased VAF is associated with insulin resistance and dyslipidemia and is an independent risk factor for type 2 diabetes, myocardial infarction, hypertension, and all-cause mortality. Whereas insulin resistance, type 2 diabetes, and arteriosclerosis have previously been linked to osteopenia, the detrimental relationship of VAF to bone mass in nonobese, nondiabetic populations has not been carefully examined. We found, however, that even in healthy young women with weights between the 3rd and 97th percentiles, VAF is negatively correlated with the amount and strength of bone in the appendicular skeleton.
Our results, suggesting the influence of fat on bone to be foremost dependent on the site in which it accumulates, may help explain the large body of conflicting data on the link between body adiposity and bone mass. Previous research is inconclusive as to whether fat mass has no relation, an inverse association, or a positive association with bone density (8, 11, 12, 27) . These investigations were limited by the use of dual energy x-ray absorptiometry, an imaging technique that does not allow for the independent analysis of sc fat and visceral fat. Similarly, although waist circumference is frequently employed as a surrogate for visceral adiposity and is reported to be more closely associated with negative health outcomes than sc fat or BMI (28 -30) , this measure is also a composite of the sc and visceral fat depots (31, 32) . Indeed, like other investigators, we found waist circumference to have a stronger correlation with sc fat than with visceral fat, and, like sc adiposity, a positive relation to bone. The basis for the differential effect of SAF and VAF on bone observed in this study is unknown. However, adipose tissue is the source of a number of hormones, cytokines, and inflammatory factors that modulate multiple biological functions and have depot-specific differences in gene expression (33) . Proteins that are potentially protective against the development of osteoporosis, such as adiponectin, have lower levels of expression in visceral than sc fat tissue (34) . Leptin, a satiety-regulating hormone that is produced by adipocytes, promotes the differentiation of osteoblasts, and affects bone resorption, is also supposedly less abundant in visceral tissue (35, 36) . Likewise, the expression of aromatase, which converts androgen to estrogen and results in reduced osteoclast activity is known to be lower in visceral adipocytes (6) . In contrast, visceral adiposity is associated with increased levels of proinflammatory cytokines, (37-39) like TNF-␣ and IL-6, both of which increase bone resorption and promote osteoporosis (40) .
The inclusion of healthy subjects with weights between the 3rd and 97th percentiles to minimize the confounding effects of obesity and the independent evaluations of the influence of SAF and VAF on both the structure and strength of bone are positive attributes of this study. This study has, however, several notable limitations. We chose to study young women, and our findings cannot be extrapolated to the elderly or to the male skeleton. This limits the generalizability of the results but should not affect the internal validity. Moreover, available data indicate that greater increases in VAF than SAF occur in the perimenopausal years (41) , concomitant to a decline in circulating estradiol decreases; postmenopausal women have higher total and abdominal fat mass than premenopausal women (42) , and those on hormone replacement therapy have less VAF than estrogen nonusers (43, 44) . Knowledge that both bone loss and abdominal fat mass increase after menopause supports the notion that the deleterious effect of visceral fat spans throughout life. Similarly, in spite of marked gender differences in the amount and distribution of fat, VAF is associated with the same constellation of comorbidities in men and women (13, 29) , and it is unlikely that our findings are only relevant to women. Most importantly, the associations between SAF and VAF and bone do not prove causality; it is possible that environmental, inherited, or biological factors, such as estrogen secretion, that influence bone formation could also affect sc and intraabdominal fat accumulation differently.
In conclusion, our findings provide compelling evidence that visceral and sc fat have strong and opposite effects on the structure and strength of bone in young women. They support the hypothesis that sc fat is beneficial to peak bone mass, whereas visceral fat serves as a unique pathogenic fat depot. A greater understanding of the molecular and functional differences of visceral and sc adipocytes and how they interact with bone could likely lead to novel therapeutic approaches for obesity and osteoporosis.
